The Bacillus subtilis 168 chromosomal region extending from 184" to 195", corresponding to prophage SPP, has been completely sequenced using DNA of the thermoinducible SPPc2 mutant. This 134416 bp segment comprises 187 putative ORFs which, according to their orientation, were grouped into three clusters. Compared to its host, SPPc2 is characterized by a lower G+C content, shorter mean ORF length, as well as a different usage of start codons. Nearly 75% of predicted ORFs do not share significant homologies to sequences in available databases. The only highly similar proteins to SPPc2-encoded ones are host paralogues. SPPc2 promoter regions contain 5 0 5 box consensus sequences and a repeated motif, designated SPP repeated element (SPBRE), that is absent from the host genome. Gene sspC, encoding the small acidsoluble protein C, that has been previously sequenced and mapped to the vicinity of the SPP region, was found to be part of the prophage.
INTRODUCTION
Two entities residing in the chromosome of the Bacillus subtilis reference strain 168 are considered to be remnants of ancestral temperate bacteriophages : the skin element, whose excision leads to the reconstitution of the sigK gene encoding the late-sporulation specific oK factor (Stragier et al., 1989; Kunkel et al., 1990) , and defective phage PBSX (Seaman et al., 1964) , which directs the formation of phage. particles mainly containing chromosomal DNA (Okamoto et al., 1968) . Strain 168 is also lysogenic for phage SPP (Warner et al., 1977) , whose genome is inserted close to the host replication terminus, between i l v A and k a u A (Zahler et al., 1977) . In cultures of SPj? lysogenic strains, phage induction can occur at a very low frequency ( -while more extensive induction can be achieved by treatment with mitomycin C or N-methyl-N'-nitro-Nnitrosoguanidine (Warner et al., 1977) . In addition, strains lysogenic for SPpc2 (Rosenthal et al., 1979) , a mutant carrying a thermoinducible repressor gene, can be massively induced by a brief heat shock.
Abbreviation : SPBRE, SPP repeated element.
The GenBanWEMBUDDBJ accession number for the nucleotide sequence reported in this paper is AF020713.
METHODS
Bacteria and plasmids. Escherichia coli strains DHSa (Hanahan, 1983) and TP610 (Glaser et af., 1993) were used as hosts for plasmids obtained by cloning of SPPcZ EcoRI fragments in double-stranded vectors pMTL2OEC (Chambers et al., 1988) and pDIA.5304 (Glaser et af., 1993) . B. subtilis strains CU1147 (Rosenthal et al., 1979) and CUl0.50 ( = S U +~) (Warner et af., 1977) were used for SPPc2 induction and amplification, respectively.
DNA purification. For manual sequencing, plasmid DNA was prepared by the boiling method (Del Sal et al., 1988) . For automated sequencing, plasmids were purified using QIA-GEN-tip 100 columns and the QIAwell8 Plasmid Kit (Qiagen). PCR products were purified using the QIAquick PCR Purification Kit (Qiagen).
Transformation. E. coli DHSa competent cells were prepared and transformed by the procedure of Chung & Miller (1988) .
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RESULTS AND DISCUSSION
Sequencing strategy
Linear DNA extracted from SPPc2 phage particles was digested with EcoRI and separated through agarose gels. Non-overlapping fragments were cloned into plasmid vectors and sequenced. T o determine the order of sequenced inserts, oligonucleotides corresponding to sequences relatively close to the extremities of each of the inserts were used to link neighbouring fragments by PCR, the products of which were directly sequenced. Gaps corresponding to uncloned SPPc2 EcoRI fragments represented nearly 15% of the phage genome. They were bridged by direct sequencing of PCR products generated from phage DNA. The sequence comprising the two extremities of linear phage DNA, released by EcoRI digestion, was determined from a single PCR product generated on chromosomal DNA of CU1147, the SPPc2 lysogenic strain. All sequenced fragments were assembled in a contiguous DNA segment corresponding to the SPPc2 prophage.
DNA features
The 134 kb SPpc2 genome is one of the largest among phages, and to our knowledge the longest phage genome whose sequence has been deposited in the sequence databases. Comparison of the previously determined restriction map of SPPc2, obtained by DNA digestion with EcoRI, SalI, SacI, AvaI, AvaII and BanzHI (Fink & Zahler, 1982; Spancake et al., 1987) , with that deduced from the nucleotide sequence did not reveal important discrepancies. However, comparison of the theoretical to the experimentally . determined PstI restriction patterns revealed that, in DNA isolated from the phage particles, nearly half of the 40 PstI sites were modified and protected from restriction (see below). Several SPPc2 segments of more than 250 nt exhibit over 90 % identity with B. subtilis chromosomal regions (Table 1) . Their orientation with respect to the replication fork movement is always identical to that of their host counterparts. Homologies between the SPP prophage and chromosomal segments have been postulated to play a role in spontaneous deletions of parts of the B. subtilis chromosome as well as in the integration of integrase-deficient phage mutants, which would have to be forcibly inserted into the host chromosome by a Campbell-type mechanism (Zahler, 1993) . Indeed, homologies to chromosomal regions near 556 and 1880 kb from the replication origin (Kunst et al., 1997) could explain observed SPP insertions near the dal marker and between thyA and glnA, respectively (Zahler, 1982; Gardner et al., 1982) . Similarity to chromosomal segments located between 2057 and 2073 kb (Kunst et al., 1997) would account for SPP integration near gltAB as well as for deletions extending from SPP to the region between odh and gltAB (Zahler, 1982; Rowe et al., 1986) .
The overall G + C content of the prophage is 34.6 mol Yo, lower than that of the B. subtilis genome, which amounts to 43-5 mol% overall (Kunst et al., 1997) . In a 5 kb region of SPPc2 containing ORFs yolFGHZJK (Table 2) , the G + C content is further reduced to 28 mol O/O. Such unusually low G + C content is also characteristic of ggaAB, the minor host teichoic acid operon supposed to be acquired by horizontal transfer (Freymond, 1995 ; Lazarevic et al., 1995) . Intergenic regions, representing 14% of the phage genome, have a G + C content of 32.8 mol%, a figure slightly lower than the 35 mol% seen in the coding regions. :' -Positions relative to the replication origin in assembled sequences with accession numbers from 299104 to 299124 (Kunst et al., 1997). calculated for the entire B. subtilis genome (ATG, 78 YO ; TTG, 1 3 % ; GTG, 9 % ) (Kunst et a/., 1997) ; in particular, the frequency of the standard ATG codon is notably reduced, while that of T T G is doubled. In addition, translation of several SPPc2 ORFs seems to be initiated by highly unusual start codons : ATT and CTG present six and three times, respectively (Table 2) . These non-standard codons may reflect some specific regulation of phage gene expression at the translational level.
Based on the orientation of transcription, the prophage can be divided into three main clusters (Fig. 1) . Contrary to the situation of clusters I and I11 -genes yokA to yolK and yonR to yotN, respectively -most ORFs forming cluster 11, i.e. bhlB to yonP, are transcribed towards the bacterial origin of replication. In the excised and circularized phage configuration (not presented), genes of now contiguous clusters I and I11 have the same orientation. The mean length of a phage ORF is 622 nt, a figure appreciably lower than that of 890 nt calculated for the entire B. subtilis genome (Kunst et al., 1997) .
Cluster I comprises 23 ORFs. A putative site-specific recombinase encoded by yokA, located next to attL, may be involved in the insertion of the circularized SPP genome into the B. subtilis chromosome. The presence of the integrase gene in the vicinity of att has been reported for several bacteriophages (Stanley et al., 1997) .
Phage integration into the chromosome of a nonlysogenic host results in the duplication of the attachment site (Fig. 2) . The SPP attachment site (attP) is flanked on each side by an identical 16 base sequence but with reversed order. The role of this inverted repeat is not known, although its implication in phage excision seems likely. The plasmid pPS373, which has a 3.8 kb insert (Fig. 1) Three putative proteins encoded by cluster I are endowed with a prokaryotic lipoprotein signal signature : YokB, which has an unpredicted function ; a putative endonuclease, YokF ; and the putative bacteriocin YolG.
An SPP lysogen known to secrete betacin, a bacteriocinlike protein that is able to kill nonlysogenic bacteria, is rendered resistant to this protein by the product of the tolerance gene to1 (Hemphill et al., 1980) . The latter most likely corresponds to yolH, an ORF following yolG and encoding an ABC-transporter similar to protein exporters. Sequence homologies, as well as this gene organization, strongly suggest the involvement of YolH in bacteriocin export. YokH, YokI and YolE exhibit 95, 91 and 94% identity, respectively, to their host paralogues, to which no function has so far beeen assigned.
Cluster I1 may correspond to the late phage operon. At least three proteins encoded by this cluster may participate in host cell lysis : the N-acetylmuramoyl-Lalanine amidase BlyA (Regamey & Karamata, 1998) , the holin BhlB (Regamey & Karamata, 1998) and a 252 kDa putative transglycosylase YomI.
Homology between SPpc2 YomR and PBSX XkdV (Krogh et al., 1996) , the putative long tail-fibre protein (Junier, 1996) , suggests that YomR is likely to fulfil the same function. This conclusion is supported by the presence in YomR of different repeated motifs (Fig. 3) , a feature common to several Gram-negative bacteriophage long-fibre proteins (Sandmeier, 1994 Krogh ef al. (1996) Garnier & Cole (1988) Karamata (1998) Regamey & Kunst et al. (1997) McLaughlin et al. (1986) Kunst et al.
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Lazarevic et a1 3-ORF core (Fig. 4) . Other peculiarities of this putative tail-fibre operon are (i) the absence of a transcriptional terminator downstream of its most distal ORF, yomM, which encodes a putative recombinase and (ii) the close proximity of the two convergently oriented ORFs yomM and yozP, whose stop codons are separated by only two nucleotides. Incidentally, the transcriptional terminator downstream of yomL is followed by a long imperfect palindrome (Fig. 4) . Such palindromes were found in phages of Gram-negative bacteria, where they correspond to crossover sites for site-specific recombinases (DNA invertases), encoded by genes located next to the tail-fibre genes. Inversion of DNA segments of the tailfibre gene cluster leads to phage host-range variation (Sandmeier, 1994) . However, so far there is no experimental evidence supporting this putative DNAinversion system in SPP. The middle part of the palindrome downstream of the yomL terminator matches the palindrome-like sequence located at the very extremity of the 1-3 kb dal-linked host region that is 97% identical to the corresponding SPPc2 segment ( Fig. 4 ; Table 2 ). The presence of these palindromic sequences and a possible involvement of a site-specific recombinase may account for chromosomal rearrange- , 1996) , YonN may be located in the virion nucleoid.
The third and largest cluster, which is likely to encompass the early phage operon(s), begins with the putative phage repressor gene yonR, whose product is 40 and 50 % identical to the PBSX repressor Xre (Krogh et al., 1996) and to the hypothetical transcriptional regulator YqaE of the skin element (Takemaru et al., 1995) , 1980; Tran-Betcke et al., 1986) . Inspection of 12.5 kb EcoRI fragments of SPpc2 containing mtbP, inserted into pPS232, and cloned in E. coli TP610, a strain used for plasmid propagation, provides further confirmation of the role of MtbP. Indeed, out of the four PstIrecognition sites present on the insert, two, which overlapped with the 5' GCNGC 3' sequence, were not cleaved by their cognate restriction enzyme, revealing that the mt6P gene was expressed and that its product was functional.
V. L A Z A R E V I C a n d O T H E R S
PSNGRGFWTCSADKLYGQAIVLTNDNKTYRKSLINGAWSSWERLISSSEI 3 0 0 Sequence Of the products Of the YOrE-' operon suggest their involvement in the synthesis of DNA precursors, which may be required for the replication of the rather large SPP genome. Thus, the dUTPase that produces dUMP, the precursor of thymidine nucleotides, could be encoded by yosS. The putative large and small ribonucleotide reductase subunits are encoded by 6nrdE and bnrdF, respectively (Lazarevic et al., 1998) . The former was shown to contain a group I intron and an intein coding sequence, while the latter contains the group I intron that harbours the putative 
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homing endonuclease gene responsible for intron mobility (Lazarevic et al., 1998) . Thioredoxin, which participates in the synthesis of deoxyribonucleotides, may be encoded by yo&, which follows 6nrdF. A yosR homologue was not identified in the host operon required for reduction of ribonucleotides (Scotti et al., 1996) , whereas the 6nrdZEF genes exhibits high similarity to host genes nrdZEF. 
Analysis of the promoter regions
Searches for putative regulatory signals in the noncoding sequences revealed a novel 31 nt motif, designated SPBRE (=eta repeated element), that may represent the recognition site for the SPF repressor.
Allowing up to six mismatches to the consensus sequence, nine SPBRE copies were identified in intergenic regions of the SPpc2 genome (Fig. S ) Bacillus subtilis SPpc2 prophage found in the host genome. An additional copy was found within the SPPc2 ORF yorM, 4 nt downstream of the putative start codon. The SPBRE sequences are restricted to cluster I11 and the regulatory region of yonP, the proximal gene of cluster 11. In five cases (Fig. 5) , SPBRE sequences exhibit 9/12 to 11/12 adherence to the consensus of the promoters recognized by the major oA factor of B. subtilis. In other cases, with the exception of the yonT regulatory region, SPBRE is either preceded or followed by the PA consensus-like sequence. Finally, the putative PA promoter of yonX is inserted between two copies of SPBRE. Over half of the SPBREs are separated by 2-3 residues from the upstream consensus sequence AAAAAC.
The yorA-yorB and yopS-yopT intergenic regions each contain the GAAC-N,-GTTC sequence, whereas the yolC-yolD spacer contains two such motifs (Fig. 5 ). This sequence, called the SOS box, was identified within the promoter regions of DNA damage-inducible genes of B. subtilis (Cheo et al., 1991) and was shown to serve as an operator site for DinR, the repressor of the SOS regulon (Winterling et al., 1997 (Kunst et al., 1997) (Fig. 1, Tables 1 and 2 ). Other SPPc2 SOS boxes are found in regulatory regions of cluster-I1 ORFs of unknown function.
The difference in the G + C content between the SPPc2 prophage and the entire B. subtilis genome suggests a relatively recent acquisition of the former. Why would SPP and related phages, occupying more than 3 O/O of the chromosome, be retained in many B. subtilis isolates, since prophage-cured strains seem to grow and sporulate normally? The same question has been raised for defective prophage PBSX (Krogh et al., 1996) . A possible explanation is that some phage genes, normally expressed in the prophage state, are beneficial for survival in natural habitats. For instance, the previously sequenced and characterized gene sspC, encoding a small acid-soluble protein (Connors & Setlow, 1985) , was, unexpectedly, localized within the prophage. It was shown to be transcribed from a promoter recognized by the forespore-specific oG factor (Nicholson et al., 1989) , and integrated in the host sporulation regulatory network. Its product, a DNA-binding protein, confers to spores a high resistance to UV light (Tovar-Rojo & Setlow, 1991) . The SPP bacteriocin and bacteriocinexporter cassette offer an example of genes that render the host cell more competitive. Therefore, the SPP genes are not restricted to the phage life cycle, but some of them concern host functions. Other candidates for such genes are ORFs whose role could presently not be predicted from sequence homology. A significant proportion of these genes, notably of those in cluster 11, may be involved in phage morphogenesis.
About 25% of SPpc2 ORF products exhibit significant homology t o protein sequences (EMBL release 54), mainly to host paralogues. Although some of the latter are encoded by PBSX and the skin element, those exhibiting over 60 70 identity to their SPP counterparts are apparently not specified by prophage-like elements. This suggests that many SPP genes might have been picked up from its host(s), either by excision of the prophage-neighbouring regions from the host chromosome during induction of the prophage, which could have been integrated at different positions, or by the host and phage recombinase-mediated events. 
